One sentence summary: This study evaluated the surface charge of 32 Legionella pneumophila strains representing serogroups 1 through 14 and furthers the understanding of mechanisms governing L. pneumophila persistence in drinking water systems.
INTRODUCTION
Legionellosis, a bacterial respiratory infection, is caused by members of the Legionella genus and has two clinical forms: Legionnaires disease (LD), a severe type of pneumonia, and Pontiac Fever, a self-limiting, flu-like illness. The primary route of infection is inhalation of contaminated aerosols, generated from potable water sources such as showers, faucets, decorative fixtures, drinking fountains, ice machines, water heaters and cooling towers (Fraser et al. 1977; Kaufmann et al. 1981) . Between 2000 and 2014, exposure to potable water was responsible for >50% of LD outbreaks in the USA (Garrison et al. 2016) . Changes in drinking water (DW) quality, either intentional or natural, can result in LD outbreaks or noticeable increases in LD cases (Cohn et al. 2015; MDHHS 2016) . Part of the mission of US Environmental Protection Agency's National Homeland Security Research Center is to provide technical assistance to prevent, prepare for and recover from environmental emergencies, such as during DW emergencies that negatively impact public health. Thus, for normal potable water usage and during intentional and/or natural changes in water quality, there is a need for improved water quality management practices to reduce and eliminate Legionella infection risks within DW distribution systems (DWDS).
A majority of clinical Legionella isolates are identified as Legionella pneumophila (Lp) (Yu et al. 2002; Harrison et al. 2007) . Lp is subdivided into serogroup (sg) 1 to 15 based on their reactions with antibodies that recognize distinct epitopes on the bacterial lipopolysaccharide (LPS) molecule (Ciesielski, Blaser and Wang 1986; Otten et al. 1986 ). The 'Dresden' panel is composed of 17 monoclonal antibodies (mAbs) that can type Lp sg1 to 15 strains, with sg1 strains being typed further into 10 subgroups using 6 additional mAbs (8/5, 3/1, 3, 10/6, 8/4 , 20/1 and 26/1) (Helbig and Amemura-Maekawa 2009; Lück et al. 2013) . All serogroups have been associated with clinical cases; however, sg1 is the predominant serogroup (>80%), with the majority of these clinical isolates being mAb3/1 positive (Yu et al. 2002; Helbig and Lück 2006; Harrison et al. 2007 Harrison et al. , 2009 or mAb2 positive (Kozak et al. 2009 ), an antibody that recognizes similar sg1 epitopes as mAb3/1 (Helbig et al. 1995) . Doleans et al. (2004) reported that out of 381 (DWDS) and 259 clinical isolates, Lp represented the majority of these isolates (76% DWDS; 98.8% clinical) compared to non-pneumophila species (24% DWDS; 1% clinical). Moreover, Lp sg1 to 10, 12, 13 and 15 have been isolated from DW samples collected from hospitals, hotels, ships, decorative fixtures, large buildings and residences, indicating the wide distribution of Lp and their prominent niche within DWDS (Wadowsky et al. 1982; Habicht and Muller 1988; Hwang et al. 2016) . Biofilms play an important role in the survival of microorganisms in low nutrient environments (e.g. DW) by providing protection from environmental stresses, enabling transfer of genetic material and increasing bacterial virulence (Nocker, Burr and Camper 2014) . Thus, in addition to bulk water, biofilm-associated Lp have also been isolated from within DWDS (Brooks et al. 2004; Singh and Coogan 2005; Declerck et al. 2007; Buse, Schoen and Ashbolt 2012) .
Biofilm formation involves the (i) initial adhesion of bacteria to the substrate, (ii) bacterial proliferation, (iii) formation of complex colonies, and (iv) detachment and downstream colonization of the substrate (O'Toole, Kaplan and Kolter 2000) . Bacterial adhesion, the first step of biofilm formation, occurs in two stages: the initial, reversible stage that is dependent on physical forces (e.g. electrostatic charge, hydrophobicity and van der Waals interactions) and the subsequent, irreversible stage that involves cellular and molecular interactions (Rijnaarts et al. 1995; Katsikogianni and Missirlis 2004) . Electrostatic interactions can be strong determinants of either bacterial adsorption to or repulsion from a substrate (Bayer and Sloyer 1990; Mayer et al. 1999) . Moreover, it has been well-established that bacterial surface charge plays an important role in their mobility through the environment and subsequent adherence to surfaces, especially given that these processes would rely heavily on close contact between the cell surface and substrate (van Loosdrecht et al. 1987; Dickson and Koohmaraie 1989; Hermansson 1999; Gottenbos et al. 2001) .
Current information is limited in regard to the electrostatic properties of Lp in the aqueous environment. Thus, in this study, given the prevalence of Lp and that most LD cases are associated with potable water exposure, the electrophoretic mobility (EPM) of 32 Lp strains, representing sg1 to 14, was measured to provide some insights into their surface properties and possible mechanisms enabling their efficient colonization of, persistence and mobility in DWDS.
MATERIAL AND METHODS

Bacterial strains and preparation
A total of 32 Lp isolates representing serogroup (sg) 1 to 14 were used (Table 1) . Overnight, exponential phase cultures were grown and bacterial densities (as measured by colony forming units [CFU] ) were determined as previously described (Buse and Ashbolt 2011) . Cells were centrifuged at 3835 g for 4 min at 22
• C (Eppendorf 5424r, Germany) and washed three times in 9.15 mM KH 2 PO 4 buffer, pH 8 prepared as previously described (White et al. 2014) . Suspensions were diluted to 6 log 10 CFU mL −1 and used for analyses described below. The average densities of each suspension were 6.5 ± 0.3 log 10 CFU mL −1
(n = 96; 32 strains with three independent experimental runs each).
EPM measurements
EPM measurements, via laser Doppler electrophoresis (LDE), were made using a Malvern Zetasizer 4 (Malvern Instruments, Ltd., England). LDE is a method that continuously measures the movement of particles in an electric field (electrophoresis) and determines their velocities via laser light scatter (Doppler shift) (Smith and Ware 1978) . Negative EPM values represent bacterial movement toward a positive electrode and thus, a net negative surface charge, with the magnitude of the EPM value correlating with the magnitude of surface charge. EPM values are expressed as a velocity divided by the applied field, micrometers centimeters per volt per second (μm cm V −1 s −1 ). Before each use, the instrument was checked using standards with a known zeta potential (-42 mV ± 4.2 mV; Malvern Instruments, Ltd.) and averaged -39.2 mV ± 2.4 mV (n = 33; 11 independent experimental runs with three replicates each). For each Lp strain, EPM measurements were collected from three independent runs with nine replicates each (27 replicates total), except for the strains as described in the legend of Fig. 1 . To evaluate the effect of pH on the EPM of Lp sg1-OH and sg4-Lo, bacterial suspensions were prepared, as described above, and the pH was adjusted in 0.5 increments with either 10 N NaOH or 6 N HCl. Aliquots were taken for EPM measurements at each pH increment.
Statistical analysis
EPM measurements for all Lp sg1 to 14 strains were graphed using the box-and-whisker plot where boxes extend from the 25th to 75th percentile with a line indicating the median (50th percentile) and whiskers extend to the minimum and maximum EPM values for each strain. These values are reported in Table S1 (Supporting Information). One-way analysis of variance (ANOVA) was performed followed by Tukey's multiple comparisons test. For evaluation of the pH effect on EPMs, non-linear regression was performed followed by a comparison of fits analysis. Data were statistically analyzed and graphed using Prism 6 (GraphPad Software, USA) and/or MS Excel v14.3.4 (Microsoft, USA).
RESULTS AND DISCUSSION
The EPM of 32 Lp sg1 to 14 strains was measured in 9.15 mM KH 2 PO 4 buffer, pH 8 (Fig. 1) . All serogroups are represented by at least two isolates except for (i) sg7, 9, 10, 12 and 14 where only one isolate was analyzed; and (ii) sg15, which was not analyzed in this study, but will be included in future work (Table 1). Trends for sg1 to 14 indicated a very wide range in surface charge based on EPM measurements (Fig. 1) . The values for the box-and-whisker plot (mean, confidence interval, etc.) are detailed in Table S1 (Supporting Information). Although bacterial surface charge can vary depending on the species/strain, surface characteristics and growth phase, aqueous bacterial suspensions are typically negatively charged in water at pHs typical of DWDS (∼6.5-10) due to the ionization of surface groups, such as those associated with their capsule and LPS (Bayer and Sloyer 1990; Katsikogianni and Missirlis 2004) . In order from least to most negatively charged, the mean EPM values, in units of μm cm V −1 s −1 , and the standard deviation for each serogroup are as follows: -0.4 ± 0.1 (sg2 and 5), -0.5 ± 0.1 (sg1), -0.6 ± 0.1 (sg3 and 12), -1.1 ± 0.1 (sg6), -1.2 ± 0.1 (sg8), -1.3 ± 0.1 (sg10), -1.9 ± 0.2 (sg13), -2.3 ± 0.1 (sg9), -2.8 ± 0.1 (sg14), -2.9 ± 0.2 (sg7), -3.2 ± 0.2 (sg11) and -3.6 ± 0.1 (sg4). No significant differences were observed between strains from within Lp sgs 1-6, 8, 11 and 13 (Fig. S1 , Supporting Information; P > 0.05) indicating that the surface charge of each strain can be correlated to their serogroup type. Between the serogroups, there seemed to be five distinct EPM clusters, where sgs within each cluster were not statistically different from each other (P > 0.05): (i) sg1 to 3, 5, and 12; (ii) sg6, 8, and 10; (iii) sg9 and 13; (iv) sg7, 11, and 14; and (v) sg4, except for strain sg4a and sg11a (P < 0.05) (Fig. 2 and Fig. S1 , Supporting Information). The large range of Lp EPM values measured in this study, -0.4 to -3.6 μm cm V (Table S1 , Supporting Information).
in Shevchuk, Jäger and Steinert 2011) . Because Lp strains are serotyped according to their mAb reactivity, the charge differences observed between strains likely contributed by the various LPS moieties unique to each serogroup. Each mAb of the Dresden panel is derived from hybridomas generated from immunizing mice with bacterial reference strain suspensions, collecting an antibody-producing mouse spleen cell, and then fusing it with a myeloma (tumor) cell (Joly, Chen and Ramsay 1983) , with these antibodies recognizing the unique LPS structure associated with each serogroup (Ciesielski, Blaser and Wang 1986) .
LPS consists of three structural domains: (i) lipid A, (ii) the inner and outer core region, and (iii) the O-antigen. The lipid A portion contains very long fatty acid chains and complex branch patterns compared to other Gram-negative bacteria and is bisphosphorylated, which can result in a net negative charge at neutral pH (Zähringer et al. 1995) . The inner core region is hydrophilic due to two Kdo (3-deoxy-D-manno-oct-2-ulosonic acid) residues that are negatively charged, while the outer core is hydrophobic due to high O-acetylation and the presence of three 6-deoxy hexoses (Knirel, Moll and Zähringer 1996; Moll et al. 1997) . The O-antigen consists of the Lp-specific homopolymer sugar, legionaminic acid (5-acetamidino-7-acetamido-8-Oacetyl-3,5,7,9-tetradeoxy-D-glycero-D-galacto-nonulosonic acid), and is extremely hydrophobic due to the lack of free polar hydroxyl groups and presence of two deoxy groups (Knirel et al. 1994) . Variations in the legionaminic acid monosaccharide configuration, % yield of LPS and O-antigen, and degree of 8-Oacetylation for sg1 to 15 were previously reported (Knirel et al. 2001) ; however, the differences in EPM values measured in this study could not be correlated with those parameters. Nonetheless, the differences between the LPS structural domains for each serogroup should be further elucidated in order to determine their exact contribution to the large range in overall net negative surface charges observed for each serogroup in this study.
Due to the effect of pH on the dissociation of chemical groups on the cell surface, bacterial EPM is dependent on the pH of the suspension solution, with an increase in pH resulting in a more negative surface charge and, conversely, decreases in pH resulting in a less negatively charged surface (Lytle, Frietch and Covert 2004; White et al. 2012) . In this study, the impact of pH on EPM was observed for Lp strains sg1-HPS and sg4-Lo, which were chosen for their respective representation of the higher and lower end of the EPM range measured for all of the Lp strains (Fig. 3) . For strain sg1-HPS, EPM values (in μm cm V −1 s −1 ) decreased from 0.4 ± 0.03 at pH 2 to -0.6 ± 0.05 at pH 5, similar values of -0.6 ± 0.07 were observed between pH 5 and 10, and values decreased from -0.7 ± 0.05 at pH 10.5 to -1.8 ± 0.10 at pH 12. Although a similar plateau of EPM values between pH 6 and 8.5 was observed for strain sg4-Lo, albeit at values of -3.3 ± 0.07, there was a sharper decrease from 0.6 ± 0.04 at pH 2 to -3.2 ± 0.12 at pH 5.5 and then an increase from -3.6 ± 0.15 at pH 9.6 to -2.4 ± 0.17 at pH 12. The decrease in negativity with increasing pH for strain sg4-Lo between pH 10.5 and 12 is in contrast to observations reported from previous studies of other bacteria (Lytle, Frietch and Covert 2004; White et al. 2012 ). In Fig. 3 , non-linear regression using a third-order polynomial was performed for sg1-HPS (solid line, R 2 = 0.96) and sg4-Lo (dashed line, R 2 = 0.98). Comparison of fits analysis indicated a different curve for each strain is the preferred model, with both data sets being significantly different (P < 0.0001). The isoelectric point, or point of zero charge, for sg1-HPS and sg4-Lo was calculated to be at pH 2.5 and 2.4, respectively. DW quality, as dictated by the source water composition, treatment process, pipe material and corrosion control program, may significantly impact microbial surface charge, which, in turn, can influence the early stages of bacterial adhesion and biofilm colonization. The EPM values of a sg1 and 4 strain were shown to be relatively constant in the pH range of 6.5-9.5, which are typical of DWDS (National Research Council 1982) , suggesting that the EPM measurements observed in this study may reflect the surface charge exhibited by Lp within these systems.
Previous studies have shown that Lp sg1 strains are more virulent compared to those of other serogroups (Yu et al. 2002; Doleans et al. 2004; Harrison et al. 2007; Patrizia et al. 2013) ; thus, in addition to genetic factors, other bacterial properties (e.g. surface charge), that enhance their survival in DWDS, may increase the chances of human exposure and disease outcome. Moreover, the efficacy of various disinfectants could be dictated by bacterial surface charge at DW pHs, such as in the case of copper/silver disinfectants where more negatively charged bacteria (e.g. sg4) would have an increased susceptibility to inactivation compared to less negatively charged bacteria (e.g. sg1) (Thurman, Gerba and Bitton 1989) .
Future EPM analyses will include more environmental and clinical isolates within each sg, especially environmental isolates derived from various DW sources. Potential EPM differences between those environmental strains could further indicate the importance of surface charge in Lp survival within DWDS. Moreover, sequence-based typing of Lp isolates has revealed regional differences between disease causing strains (Kozak-Muiznieks et al. 2014; Sánchez-Busó et al. 2016) ; thus, EPM analysis of known sequence types could potentially be used to infer human pathogenicity and/or an endemic source of a particular strain. Future studies will also compare hydrophobicity and surface adhesion properties between these Lp isolates.
In this study, the EPM differences between the Lp serogroups suggest that variability in surface charge may play a role in their ecological distribution and survival (e.g. in mobility, colonization, resistance to disinfectants, etc.) within DWDS. Based on information from this study and future studies, it may be possible to modify/leverage various engineering and water quality aspects of DWDS, such as pipe material, disinfectants, water chemistry, etc., to exploit bacterial surface properties in order to control and limit Lp occurrence within these systems.
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